The 59-terminal sequence spanning nt 1-29 of the 59-untranslated region of classical swine fever virus (CSFV) forms a 59-proximal stem-loop structure known as domain Ia. Deletions and replacement mutations were performed to examine the role of this domain. Deletion of the 59-proximal nucleotides and disruption of the stem-loop structure greatly increased internal ribosome entry site-mediated translation but abolished the replication of the replicons. Internal deletions resulting in a change in the size of the loop of domain Ia, and even removal of the entire domain, did not substantially change the translation activity, but reduced the replication of CSFV replicons provided the replicons contained the extreme 59-GUAU terminal sequence. Internal replacements leading to a change in the nucleotide sequence of the loop did not alter the translation and replication activities of the CSFV RNA replicon, and did not influence the rescue of viruses and growth characteristics of new viruses. These results may be important for our understanding of the regulation of translation, replication and encapsidation in CSFV and other positive-sense RNA viruses.
INTRODUCTION
Pestiviruses are the pathogens of several economically important animal diseases and often cause major losses in stock farming. Classical swine fever virus (CSFV), bovine viral diarrhea virus 1 (BVDV-1), BVDV-2 and border disease virus (BDV) are grouped in the genus Pestivirus (Becher & Thiel, 2002; Heinz et al., 2000) , in the family Flaviviridae. Hepatitis C virus (HCV) and flaviviruses also belong to this family (Cuthbert, 1994) . CSFV is a small enveloped virus, which can be transmitted from infected animals directly or indirectly, causing classical swine fever, a highly contagious disease of pigs and one of the World Organization for Animal Health listed diseases.
The CSFV genome is a single-stranded, positive-sense RNA, which contains a single large ORF, a 59-untranslated region (59UTR) and a 39UTR. The ORF encodes a polyprotein of approximately 3900 aa, which is co-and post-translationally processed by cellular and viral proteases to 12 mature viral proteins in the order NH 2 -N pro -C-E rns -E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH (Moennig & Plagemann, 1992) . The CSFV NS5B protein has RNA-dependent RNA polymerase (RdRp) activity (Steffens et al., 1999; Xiao et al., 2002 Xiao et al., , 2006 , contains a conserved GDD motif necessary for the catalytic activity (Wang et al., 2007) and transcribes the genome into negative-sense strands, which serve as templates to produce more positive-sense RNAs for packaging into progeny viral capsids (Gong et al., 1996) . The 39-and 59UTR of the pestivirus genome are probably involved in initiation of translation and replication of the viral RNA Isken et al., 2003 Isken et al., , 2004 Pankraz et al., 2005; Xiao et al., 2004a, b; Yu et al., 1999) .
In contrast to the 59UTR of the flavivirus genome RNA, which contains a 59 m7G cap structure (Rice, 1996) , the elaborate RNA structures and AUG codons in the 59UTR of pestivirus and HCV are organized into an internal ribosome entry site (IRES) He et al., 2003; Honda et al., 1999; Kolupaeva et al., 2000; Rijnbrand et al., 1997; Xiao et al., 2009; Yu et al., 2000) . The flavivirus genome RNA is translated in a cap-dependent manner, whereby the multiple translation components locate the initiation codon by scanning in a 59A39 direction (Rice, 1996) . Translation of the genome RNA of pestiviruses and HCV is mediated by the IRES, which involves internal attachment of the ribosomes to the initiation codon in a prokaryoticlike mode without scanning from the 59 terminus . The conserved 59-terminal elements located upstream of the IRES in the 59UTR of pestiviruses are organized into a 59-proximal stem-loop structure Rijnbrand et al., 1997; Yu et al., 2000) . The role of the 59-proximal stem-loop structure in translation and replication of the CSFV RNA remains poorly understood. In this study, we addressed this problem by deletion and replacement mutation of the 59-terminal elements of the CSFV 59UTR.
RESULTS
Influence of the 5 §-terminal sequence on translation in the context of a reporter RNA To investigate the role of the 59-proximal stem-loop structure in translation and replication of the CSFV RNA, we undertook alignment analysis of the 59-terminal sequences of different pestiviruses. It was found that the 59-terminal sequences contained two stretches of conserved nucleotides, nt 1-7 and nt 26-30 (Fig. 1) . The 59-terminal fragment of the CSFV 59UTR, spanning nt 1-29, formed a 59-proximal stem-loop structure, designated domain Ia (Fig. 2a) . We first examined the influence of the sequences upstream and downstream of the CSFV IRES on IRES-mediated translation activity. Monocistronic reporter RNAs containing the gene for firefly luciferase (Fluc), referred to as S1 (nt 60-393), S2 (nt 60-375), S3 (nt 1-375), S4 (nt 1-393) and S5 (nt 2145-1637), were used to investigate the translation activity (Fig. 3a) . A capped RNA encoding Renilla luciferase (Rluc) was produced as an internal control to normalize the efficiency of transfection, as described previously (Xiao et al., 2009) . The capped Rluc RNA and the monocistronic reporter RNAs were co-transfected into PK15 cells, and Fluc and Rluc activity was measured. The results showed that Fluc and the relative IRES activity were higher for S1 than for the other constructs (Fig. 3b) , followed by those of S4, S2, S3 and S5. The Rluc activities of all the samples did not change substantially. These data suggested that the 59-terminal sequence upstream of CSFV IRES might decrease the IRES activity.
To elucidate whether the 59-terminal sequence upstream of CSFV decreased IRES-mediated translation, deletion and replacement mutations were introduced into the 59-terminal sequence of the monocistronic reporter RNA containing the S4 fragment. Mutant RNA constructs D1-D6 and R1 and R2 were generated by mutation of the 59-terminal sequence spanning nt 1-29 of the S4 fragment (nt 1-393) (Fig. 4a) . The predicted secondary structures of the 59-terminal sequences of the mutant RNA constructs are shown in Fig. 2(b) . Mutant RNA D1, constructed by removal of the first 5 nt from the 59 termini, harboured a smaller domain Ia compared with the wild-type (Fig. 2a, b) . Mutants D2, D3 and D6 were formed by deletion of nt 1-9, 1-29 and 5-29, respectively. A small stem-loop structure remained in mutant D2, whilst the 59-proximal stem-loop structure was completely disrupted in mutants D3 and D6. Mutant RNAs D4 and D5, formed by internal deletions, harboured a smaller loop in domain Ia than the wildtype RNA. Mutant RNAs R1 and R2, generated by replacement of the internal nucleotides in the 59-terminal sequence, had a domain Ia similar to that of the wild-type RNA containing a loop with an altered nucleotide sequence but unaltered size (Figs 2b and 4a) . The capped Rluc RNA and the wild-type or mutant reporter RNAs were co-transfected into PK15 cells. The influence of mutation of the 59-terminal sequence on IRES activity was evaluated by comparing the ratio of Fluc : Rluc, with the ratio in the presence of the reporter RNA containing S4 (wild-type RNA) set at 100 %. The reporter RNA containing S5, a non-IRES sequence, served as a control. As shown in Fig. 4(b) , the reporter RNA containing D2, D3 or D6 had a higher IRES activity than that containing S4, whilst the other mutant RNAs had IRES activity levels similar to that of the wild-type RNA. To exclude the possibility that differences in RNA stability of the monocistronic reporter RNAs resulted in the observed difference in the IRES activity, total RNA was extracted at 6, 8 and 10 h post-transfection and analysed by denaturing formaldehyde/agarose gel electrophoresis. Northern blots were probed with a digoxigenin-labelled RNA probe that recognized the CSFV 59UTR. It was found that similar amounts of RNA were produced, indicating that the observed differences in the IRES activity were not due to differences in RNA stability of the constructs (Fig. 4b, lower panel) . These results demonstrated that domain Ia, formed by the 59-terminal sequence spanning nt 1-29, indeed repressed the IRESmediated translation. Changes in the size and nucleotide order of the loop in domain Ia had a negligible influence on IRES-mediated translation. Fig. 1 . Alignment of the 59-terminal sequences of the 59UTRs of the pestiviruses CSFV strain Shimen (GenBank accession no. AF092448), CSFV strain ALD (GenBank accession no. D49532), CSFV strain CAP (GenBank accession no. X96550), CSFV strain Brescia (GenBank accession no. AF091661), CSFV strain HCLV (GenBank accession no. AF091507), CSFV strain Alfort (GenBank accession no. J04358), BDV strain X818 (GenBank accession no. NP_777544) and BVDV strain NADL (GenBank accession no. NP_776270). Asterisks indicate conserved nucleotides and hyphens indicate missing nucleotides.
Influence of the 5 §-terminal sequence on translation in the context of CSFV replicons
To examine further the role of the 59-proximal stem-loop structure in translation of the CSFV RNA, deletion and replacement mutations were introduced into the 59-terminal sequence of a replication-deficient replicon, CSM-NS5B 2 , generated by in-frame deletion of a region encoding aa 72-79 of the core protein in a complete genome RNA replicon, SM-NS5B 2 . CSM-NS5B 2 has been shown previously not to produce novel RNAs with a mutant GDD motif (Sheng et al., 2010) . The 59-terminal sequences of these mutant replication-deficient replicons harboured the same mutations as the mutant RNA fragments D1-D6 and R1 and R2, and were referred to as D1CSM-NS5B 2 to D6CSM-NS5B 2 , R1CSM-NS5B 2 and R2CSM-NS5B 2 , respectively. CSM-NS5B 2 is referred to as S4CSM-NS5B 2 in the present paper. PK15 cells were transfected with these replication-deficient replicons, and at 10 h post-transfection expression of NS3, NS5A and NS5B was detected (Fig. 5a ). For measurement of translation efficiency, expression of NS3 was detected by Western blot analysis. The translation efficiency of the different mutant CSM-NS5B 2 replicons was evaluated by comparing NS3 expression with the expression level in PK15 cells transfected with S4CSM-NS5B 2 , which was set at 100 %. A higher translation efficiency was detected in cells transfected with D2CSM-NS5B 2 , D3CSM-NS5B 2 and D6CSM-NS5B 2 (Fig. 5b ), similar to the results shown in Fig. 4 . The translation efficiency of S5CSM-NS5B
2 , a nonreplicon containing a non-IRES sequence, was not higher than background level. A Northern blot also excluded the possibility that RNA stability resulted in the observed difference in the translation efficiency (Fig. 5b, lower panel) . These data strongly supported the notion that the 59-terminal sequence (nt 1-29), which forms a 59 proximal stem-loop structure, has an inhibitory effect on IRESmediated translation of CSFV RNA. Baird et al., 2006) . The initiation codon is at nt 373-375. The secondary structure of domain Ia was predicted using MFold (Zuker, 2003) . (b) The secondary structures of the different domain Ia mutants. Only the structures of D1, D2, D4, D5, R1 and R2 are shown. The deletions are indicated by triangles and the replaced nucleotides in the loops by short lines. The secondary structure of domain Ia was predicted using MFold (Zuker, 2003) .
Influence of CSFV 59UTR on translation and replication

Influence of the 5 §-terminal sequence on replication of CSFV replicons
To investigate the role of the 59-terminal sequence with a proximal stem-loop structure in the replication of CSFV RNA, we used a CSFV RNA replicon, CSM 2 , generated by in-frame deletion of a region encoding aa 72-79 of the core protein in the complete genome RNA replicon, SM 2 . CSM 2 contains a genetic marker, has been shown not to produce viral particles and allows the detection of newly synthesized viral RNAs (Sheng et al., 2010) . The deletion and replacement mutations in D1-D6, R1 and R2 were introduced into the 59-terminal sequences of the CSM 2 RNA replicon to generate mutant RNA replicons D1CSM 2 to D6CSM 2 , R1CSM 2 and R2CSM 2 . CSM 2 is referred to as S4CSM 2 in the present paper. Total cellular RNA was extracted from the PK15 cells transfected by wild-type and the different mutant subgenomic replicons at the indicated time points. Quantification of viral RNA was determined using real-time RT-PCR. The RNA transcript S4CSM 2 was used to normalize the data obtained with the other RNA transcripts. The amount of CSFV RNA in each sample was divided by the amount detected in cells containing S4CSM 2 under the same conditions to obtain replication efficiencies. To exclude the possibility of contamination and reversion, we verified the identity of RNA samples by sequencing of the RT-PCR products (results not shown). The results for the positive-strand RNA showed that deletion of the first 5, 9 and 29 nt disrupted the replication ability of the RNA replicon (Fig. 6, D1CSM 2 to D3CSM 2 ). The internal deletion mutations in which the conserved 59-GUAU sequence remained at the 59 terminus of the viral RNA remained capable of producing new viral RNA, although the replication efficiencies were greatly reduced (Fig. 6, D4CSM 2 to D6CSM 2 ). Replacement of the internal nucleotides that form the loop of domain Ia did not substantially change the replication ability of RNA replicon (Fig. 6, R1CSM 2 and R2CSM 2 ). Similar results were obtained by quantification of viral negative-strand RNA (results not shown).
To examine further the role of the 59-terminal sequence with a proximal stem-loop structure in multiplication of CSFV RNA, we used a CSFV RNA replicon, SM 2 , generated by silent mutations of the complete genome RNA replicon, SM. SM 2 has been shown to produce viral particles with a genetic marker (Sheng et al., 2010) . Internal deletion or replacement mutations were introduced into the 59-terminal sequences of the SM RNA replicon to generate the mutant RNA replicons SM-D4, SM-D5, SM-D6, SM-R1 and SM-R2. Transfection of the RNA replicons into PK15 cells was performed using liposomes. CSFV-specific mAbs were used for detection of new virus at 48 h post-transfection. The results showed that virus was recovered from PK15 cells transfected by genomic replicons SM-R1 and SM-R2, but not from cells transfected by genomic replicons SM-D4 to SM-D6 (Fig. 7a, and results not shown). Sequence analysis indicated that these new viruses contained the indicated mutations and the genetic marker (results not shown). The growth characteristics of the recovered virus (vSM-R1 and vSM-R2), established in vitro as described previously (Sheng et al., 2010) , were not significantly changed compared with those of the parental virus (vSM 2 ) (Fig. 7b) . These experiments indicated that the first 5, 9 and 29 nt in the 59-terminal sequence are necessary for CSFV multiplication and suggested that the size of the loop in domain Ia is also important, whilst the nucleotide order in the loop had negligible affect on CSFV multiplication. The internal deletion mutations in which the conserved 59-GUAU sequence remained at the 59 terminus of the viral RNA remained capable of synthesizing new viral RNA but did not produce virus particles.
DISCUSSION
The role of the 59-terminal sequence of CSFV in translation and replication of viral RNA has not previously been addressed, although some ideas have been inferred from the data for BVDV and HCV. To examine the role of the 59-terminal sequence of CSFV genome in translation and replication, comprehensive mutational analyses of the 59-terminal sequences of CSFV 59UTR were performed in the context of reporter RNA fragments and CSFV genomic replicons. The results indicated that the 59-terminal sequence (nt 1-29) has an inhibitory effect on IRESmediated translation and is necessary for CSFV genomic RNA replication (Figs 3-6 ). Altering the size of the loop or the nucleotide sequence in the loop in domain Ia did not substantially change the translation activity. However, the size of the loop, but not the nucleotide order in the loop, was found to be important for replication of CSFV replicons (Figs 5 and 6) . Furthermore, the internal nucleotides of the 59-terminal sequence were necessary for rescue of the virus and the size of the loop in domain Ia was also important, whilst changes in the nucleotide sequence in the loop did not affect virus multiplication (Fig. 7) .
There are many reports on the role of the 59-terminal sequence in IRES-mediated translation and replication of viral RNA. Previous reports have shown that deletion of 25 nt from the 59 terminus of the CSFV 59UTR resulted in an increase in translation activity (Rijnbrand et al., 1997) , in agreement with a result for HCV in which deletion of most of the 59-located hairpin structure from the HCV 59UTR resulted in an increase in translation (Rijnbrand et al., 1995) . For BVDV, similar results have been reported in which deletion of the stem-loop of domain Ia, spanning nt 1-31, resulted in a slight increase in the internal translation initiation activity of the BVDV IRES (Chon et al., 1998) . However, there have been some contradictory results. One study indicated that the most drastic reduction in protein synthesis was obtained in the mutant BVDV 59UTR with a deletion of the 59-proximal stem-loop Influence of mutation of the 59-terminal sequence on IRES activity was evaluated by comparing the ratio of Fluc : Rluc with the ratio in the presence of S4, which was set at 100 %. S5 served as the mock RNA. The structures of the monocistronic reporter RNAs containing the wild-type and mutant 59 termini of the CSFV 59UTR (S4, D1-D6, R1, R2 and S5) are shown above the graph. The graph shows relative IRES activity as means±SD of at least three independent transfections. The lower panel shows the results of hybridization assays of RNA isolated from cells transfected with the wild-type and mutant RNAs. Total RNA was extracted at 8 h post-transfection and analysed by denaturing formaldehyde/agarose gel electrophoresis. Northern blots were probed with a digoxigenin-labelled RNA probe that recognized the CSFV 59UTR.
Influence of CSFV 59UTR on translation and replication structure (Yu et al., 2000) , similar to another study in which deletion and substitution of the 59 proximal stemloop structure of the HCV 59UTR resulted in a reduction in translation of two-to fivefold (Luo et al., 2003) . The results for Ectropis obliqua picorna-like virus, a newly described positive-strand RNA virus, also showed that deletions within the first 63 nt had little impact on IRES activity (Lu et al., 2006) . Our results, in the context of reporter RNA and genomic RNA, consistently showed that almost all deletion mutations in the 59-proximal stemloop structure spanning nt 1-29 resulted in a significant increase in translation activity (Figs 3-5) , suggesting that the 59-proximal stem-loop structure represses CSFV translation. An inhibitory effect of the 59-proximal stem-loop structure on IRES-dependent translation might be advantageous for the switch from translation to replication in positive-strand viruses, in which the genomic RNA serves as a template for both translation and replication. Translation is inhibited when replication occurs because the RdRp and the ribosome cannot occupy the same RNA template at the same time, which has been demonstrated in poliovirus (Barton et al., 1999; Gamarnik & Andino, 1998) .
Our work also indicated that the 59-proximal stem-loop structure of the CSFV 59UTR spanning nt 1-29 is necessary for RNA replication, in agreement with many previous reports. In BVDV, deletion of the extreme 59-terminal sequence led to a complete block of replication (Becher et al., 2000; Yu et al., 2000) . The experiments for HCV showed that the 59-proximal stem-loop structure is also a cis-acting element for RNA replication. A mutation leading to disruption of the stem-loop structure abolished the replication ability of the viral RNA (Luo et al., 2003) . In the present report, we found that the size of the loop in domain Ia, but not the nucleotide sequence, is important for RNA replication. Similar results also were obtained in BVDV (Yu et al., 2000) and HCV (Friebe & Bartenschlager, 2009; Luo et al., 2003) . Our report also showed that the internal deletion mutant RNAs remained capable of " subgenomic replicon. The mutations in D1-D6 and R1 and R2 were introduced into the CSM-NS5B
" RNA, a replication-defective subgenomic replicon with a mutant GDD motif (Sheng et al., 2010) 
" is referred to as S4CSM-NS5B . PK15 cells were transfected with S4CSM-NS5B " and at 10 h posttransfection expression of NS3, NS5A and NS5B was detected by Western blot analysis using specific antibodies (Xiao et al., 2006 (Xiao et al., , 2009 Sheng et al., 2007) . (b) Measurement of translation efficiency. PK15 cells were transfected with S4CSM-NS5B
. At 10 h posttransfection, expression of NS3 was detected by Western blot analysis using an NS3-specific antibody (Sheng et al., 2007) . The proteins were visualized by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Biosciences). Signal intensities were quantified using Kodak ID 3.5 software. The translation efficiency of the different mutant CSM-NS5B
" subgenomic replicons was evaluated by comparing NS3 expression with the expression level in PK15 cells transfected with S4CSM-NS5B " , which was set at 100 %. Results are shown as means±SD of at least three independent transfections. The lower panel shows hybridization of RNA isolated from cells transfected with the wild-type and different mutants, as described in Fig. 4. synthesizing new viral RNA as long as the conserved 59-GUAU sequence remained, but lost the ability to produce virus particles, in agreement with a previous report (Yu et al., 2000) , but in contrast to another study in which BVDV mutants with internal deletions in domain Ia, and even deletion of the entire domain Ia, were still capable of producing virus particles as long as the genomic replicon contained the 59-GUAU terminal sequence (Becher et al., 2000) .
Our data showed that preservation of the size of the loop of domain Ia, despite a change in the nucleotide sequence, had a non-detrimental effect on CSFV multiplication (Fig.  7) . It was noted that virus particles were not recovered from several mutant RNA genomic replicons with deletions of internal nucleotides in the 59-terminal sequence, although new genomic RNAs were produced effectively (Figs 6 and 7) . It may be that there is a signal for CSFV RNA encapsidation or growth in the 59-proximal stem-loop structure spanning nt 1-29. It has been reported that the signals for packaging of the viral RNA genome into the nucleocapsid are often located near the 59 end of the RNA genome, such as a short cis-acting sequence near the 59 end of the pre-genome required for hepatitis B virus pre-genome encapsidation and sufficient for packaging of foreign RNA (Junker-Niepmann et al., 1990) . For BVDV, similar mutations in the 59UTR region only resulted in altered growth characteristics of BVDV (Becher et al., 2000) . For CSFV, this remains to be investigated.
METHODS
Construction of monocistronic plasmids and luciferase assay.
The IRES DNA sequences S1 (nt 60-393), S2 (nt 60-373), S3 (nt 1-375), S4 (nt 1-393) and S5 (nt 2145-1637) were amplified by RT-PCR from the genome of CSFV strain Shimen (GenBank accession no. AF092448), engineered with a HindIII and NcoI site. The PCR products were digested with HindIII and NcoI and inserted into the corresponding sites of the pGL3-Basic vector (Promega), in frame with the encoding sequence of Fluc, to generate pGL/IRES/Fluc. The IRES-Fluc DNA sequence was amplified by PCR from pGL/IRES/ Fluc, engineered with an NcoI and SacI site. The NcoI-SacI fragment containing the Fluc reporter gene and the IRES element was cloned into the pGEM-T Easy vector (Promega), to generate pGEM/IRES/ Fluc. An Rluc sequence controlled by a 59 cap structure was amplified from pRL-SV40 (Promega), with an ApaI and NcoI site. The ApaINcoI fragment containing the Rluc reporter gene was inserted into The capped Rluc RNA (1 mg) and the monocistronic reporter RNAs (1 mg) containing the CSFV IRES and Fluc-encoding sequences were co-transfected into PK15 cells. Cell extracts were prepared 10 h after transfection. Fluc and Rluc activity was measured using a dual luciferase assay system (Promega) according to the manufacturer's instructions.
RNA preparation. Monocistronic reporter RNA and IRES RNA sequences were synthesized by PCR from pGEM/IRES/Fluc and pGEM/CAP/Rluc, respectively, and in vitro transcription was subsequently carried out based on these PCR products. DNA Vent polymerase (New England Biolabs) and a primer containing the bacteriophage T7 promoter were used in the PCR. Mutant RNAs D1-D6, R1 and R2 were produced by PCR with a pair of primers at either side of the expected mutant fragments, as described previously (Xiao et al., 2004a) . After verifying the sequence, the resulting PCR products served as template for subsequent in vitro transcription, which was performed following a standard method in a 50 ml reaction mixture containing 20 ml 56 transcription buffer, 2 ml RNasin (20-40 U ml 21 ; Promega), 5 ml each NTP (2.5 mM), 5 mg template and 2 ml T7 RNA polymerase (10-20 U ml 21 ; Promega). The mixture was incubated at 37 uC for 2 h. Ten microlitres of DNase I (5 U ml 21 ; Takara) was added to the mixture and incubated at 37 uC for 15 min. The mixture was extracted with phenol/ chloroform/isoamyl alcohol. After ethanol precipitation, the RNA was dried and dissolved in 20 ml double distilled water. The integrity of the RNA was analysed by denaturing formaldehyde/agarose gel electrophoresis. The concentration of RNA was determined by measuring its absorbance at 260 nm. Finally, the monocistronic reporter RNAs containing Fluc under the control of the IRES and the capped Rluc RNA were produced (Fig. 2a, b) .
Construction of cDNA clones, and RNA transcription and transfection. Construction of the full-length cDNA clones was performed on the basis of the genome sequence of CSFV strain Shimen, as described previously (Huang et al., 1998; Sheng et al., 2010; Wu et al., 2003) . A set of overlapping cDNAs covering the whole genome were obtained by RT-PCR (Fig. 1a) and each was cloned into pGEM-T (Promega). The expected mutant fragments were obtained from the corresponding cDNA clone (Sheng et al., 2010) . A SalI restriction site and the T7 promoter sequence were ligated to the first nucleotide of the 59UTR. A unique SrfI site was engineered at the 39 terminus of the CSFV genome. Finally, the wildtype or mutant genomic cDNA was assembled into the low-copynumber plasmid pBR322.
Plasmid containing the full-length and mutant genomic cDNA was linearized with SrfI, purified by phenol extraction and ethanol precipitation and dissolved in an appropriate volume of RNase-free H 2 O. RNA transcription was performed as described above. Transfection was carried out with a suspension of PK15 cells following the instruction manual for Lipofectamine 2000 (Gibco), performed in 16-well plates. In each well, 0.5 ml PK15 cell culture (3610 5 cells) was transfected with 50 ml Dulbecco's modified Eagle's medium (DMEM) without serum containing 1 mg RNA, and mixed with 50 ml DMEM without serum containing 3 ml Lipofectamine 2000. After incubation at room temperature for 20 min, the complexes were directly added to a well with cell culture. The plates with the complexes were incubated in a CO 2 incubator at 37 uC.
Northern blotting and quantification of viral RNA. Total cellular RNA was extracted from PK15 cells at the indicated times using TRIzol reagent (Invitrogen). The RNA samples were analysed by denaturing formaldehyde/agarose gel electrophoresis. Northern blots were probed with a digoxigenin-labelled RNA probe that recognized the CSFV 59UTR. The probe was produced according to the instructions of the manufacturer of the kit (Boehringer) with primers specific for the CSFV 59UTR (see below; Sheng et al., 2010; Zhao et al., 2008) . Quantification of viral RNA was determined by real-time RT-PCR. Reverse transcription was performed using Superscript II reverse transcriptase (Invitrogen) in the presence of 50 mM of one of two primers complementary to the CSFV 59UTR. Plus-strand CSFV RNA was synthesized using antisense primer (59-ACTGTCC-TGTACTCAGGAC-39) and minus-strand CSFV RNA was synthesized using sense primer (59-GAACTGGGCTAGCCATG-39) in a separate reaction under the same conditions. The quantitative real-time PCR was run using an ABI Prism 7000 Sequence Detection System (Applied Biosystems). PCRs were performed for 40 cycles with cycling conditions of 15 s at 95 uC and 1 min at 60 uC. In vitro-transcribed CSFV RNA of known concentration was run in parallel reactions and used to generate a standard curve.
Rescue of viruses and determination of virus growth curves.
Rescue of viruses and determination of virus growth curves were performed as described previously (Sheng et al., 2010) . Transfected cells were frozen and thawed three times. Cell suspensions were clarified by centrifugation at 5000 g for 10 min at 4 uC. CSFV-specific fragments of the 59UTR were characterized by RT-PCR. Monolayers were also subjected to an indirect immunofluorescence assay with CSFV-specific E2 mAb F48-3-10 (E. Weiland, Tübingen, Germany) and an FITC-labelled secondary antibody to determine whether viruses were rescued in cells.
The growth curves of viruses were determined in PK15 cells. Cells were infected with virus at an m.o.i. of 0.1. After adsorption for 60 min, the medium was removed, the cells were washed three times with PBS and fresh medium was added. Cell cultures were harvested by freeze-thawing at 0, 12, 24, 36, 48, 60 and 72 h after infection. Samples were titrated on PK15 cells in 96-well plates (Costar) and stained using an indirect immunofluorescence assay at 2 days postinoculation using the CSFV E2 mAb F48-3-10 and an FITC-labelled secondary antibody. The m.o.i. was determined by infecting PK15 cells. All the virus titres were determined on PK15 cells by standard end-point dilution, and TCID 50 ml 21 was calculated using the method of Reed & Muench (1938) . The assay was repeated three times with similar results and the data were expressed as means from three independent experiments.
